Chromosomal instability (CIN) is a hallmark of many tumours and correlates with the presence of extra centrosomes [1] [2] [3] [4] . However, a direct mechanistic link between extra centrosomes and CIN has not been established. It has been proposed that extra centrosomes generate CIN by promoting multipolar anaphase, a highly abnormal division that produces three or more aneuploid daughter cells. Here we use long-term live-cell imaging to demonstrate that cells with multiple centrosomes rarely undergo multipolar cell divisions, and the progeny of these divisions are typically inviable. Thus, multipolar divisions cannot explain observed rates of CIN. In contrast, we observe that CIN cells with extra centrosomes routinely undergo bipolar cell divisions, but display a significantly increased frequency of lagging chromosomes during anaphase. To define the mechanism underlying this mitotic defect, we generated cells that differ only in their centrosome number. We demonstrate that extra centrosomes alone are sufficient to promote chromosome missegregation during bipolar cell division. These segregation errors are a consequence of cells passing through a transient 'multipolar spindle intermediate' in which merotelic kinetochore-microtubule attachment errors accumulate before centrosome clustering and anaphase. These findings provide a direct mechanistic link between extra centrosomes and CIN, two common characteristics of solid tumours. We propose that this mechanism may be a common underlying cause of CIN in human cancer.
A conspicuous feature of many tumour cells is an increased rate of gain or loss of whole chromosomes, a phenomenon referred to as chromosomal instability (CIN) 1 . Cells with CIN missegregate chromosomes 10-100 times more frequently than non-transformed or chromosomally stable diploid cancers cells. CIN is thus a major source of aneuploidy 1, 5 and has important implications not only for tumour initiation, where aneuploidy can have a causal role 6 , but also for tumour cell evolution, where increased rates of chromosome missegregation may enable clonal expansion of cells with proliferative advantages, metastatic potential or chemoresistance 5, 7, 8 . Despite its importance, the mechanisms leading to CIN in most cancers are not defined.
One proposed mechanism underlying CIN is extra-centrosomemediated multipolar spindle assembly followed by asymmetric chromosome segregation resulting in massive aneuploidy 3 . Correlative support for this idea comes from the fact that extra centrosomes and multipolar mitotic figures are common in CIN cancers, yet rare in chromosomally stable tumours [9] [10] [11] [12] . However, an obvious paradox arises when considering such multipolar cell division as an underlying mechanism of CIN: aneuploidy compromises cell fitness 6, 13, 14 and therefore massive aneuploidy following multipolar cell division would probably compromise viability 3, [15] [16] [17] . Until now, neither the frequency of multipolar divisions nor the fate of the resulting progeny has been systematically characterized in cancer cells.
To visualize directly the relationship between multipolar cell division and cell viability, we generated a variety of cancer cell lines from different tissues of origin that stably express the chromosome marker histone H2B-GFP (green fluorescent protein) and performed long-term livecell imaging. The percentage of cells that harboured extra centrosomes varied significantly, from ,12% in HT-29 human colon cancer cells to 100% in mouse neuroblastoma N1E-115 cells ( Fig. 1a ). Nevertheless, our analysis clearly indicated that the fraction of cells undergoing multipolar cell division, defined by the segregation of chromosomes to three or more poles during anaphase, was always markedly less than the fraction of cells possessing extra centrosomes ( Fig. 1a ). Thus, as expected from previous work, clustering of supernumerary centrosomes into two poles is an efficient mechanism that limits multipolar cell division 3, [15] [16] [17] [18] [19] .
We determined the fate of cells that underwent a multipolar anaphase. We observed that, although multipolar anaphase often produced three or more mononucleated daughter cells, cytokinesis failure along one or both division planes to produce binucleate or polynucleate progeny was also common ( Supplementary Fig. 1a ). Both mono-and poly-nucleated progeny (P1) of spontaneously arising multipolar divisions were then tracked over a four-day period and classified as: undergoing mitotic cell death with a multipolar spindle configuration; dying during the subsequent interphase; undergoing cell-cycle arrest; or successfully completing a second round of cell division to generate P2 progeny ( Fig. 1b, c) . Strikingly, we found that most progeny (P1) of multipolar cells died or arrested, regardless of tissue of origin or whether the cells were mono-or poly-nucleated ( Fig. 1b-d , Supplementary Fig. 1a, b and Supplementary Movie 1). Moreover, when rare P1 progeny from multipolar divisions completed a second round of mitosis to generate P2 progeny, even fewer of the resulting daughter cells were capable of further division (Fig. 1b, c) . Finally, we observed that progeny from multipolar divisions were usually inviable even if they were born from binucleated, presumably tetraploid, mother cells. This indicates that doubling the chromosome content does not efficiently buffer the deleterious effects of massive aneuploidy that results from multipolar anaphase ( Supplementary Fig. 2 ).
Taken together, these data provide two reasons why multipolar cell division alone cannot explain the high rates of chromosome missegregation in CIN cells. First, the frequencies of multipolar division are not high enough to account for the observed rates of chromosome missegregation in these cell lines; for example, whereas MCF-7 and HT-29 cells missegregate chromosomes on average once every 2 or 5 divisions, respectively 1,13 , they each undergo multipolar anaphase only once every 50 or more divisions. Second, the failure of progeny to continue proliferating reveals that multipolar mitosis cannot give rise to persistently unstable cells.
We therefore considered other mechanisms by which multiple centrosomes might generate CIN. Recent work has revealed that merotely, a type of error in which single kinetochores attach to microtubules emanating from different poles 20, 21 , is common in CIN cells 13 . Merotelic attachments are particularly dangerous because they are poorly sensed by the spindle assembly checkpoint and, if not corrected, may give rise to lagging chromosomes during anaphase that can lead to missegregation events [20] [21] [22] [23] . However, the cause of merotely in CIN cancers is unknown.
We hypothesized that cells with extra centrosomes pass through transient multipolar intermediates before centrosome clustering and that the geometry of such intermediates predisposes to merotelic attachments. Supporting this idea, we found that CIN cells with extra centrosomes spend most of mitosis in a multipolar configuration before centrosome clustering ( Supplementary Fig. 3) , and, furthermore, we directly observed numerous merotelic attachments within multipolar spindles by high-resolution microscopy ( Fig. 2a and Supplementary  Fig. 8 ). Moreover, as observed in tetraploid PtK 1 cells 24, 25 , both the frequency and number of lagging chromosomes are notably increased in rare cells that undergo multipolar anaphase, indicating that merotelic attachments are enriched within the multipolar configuration ( Supplementary Fig. 4 and Supplementary Movie 2).
As a further test of the hypothesis, a panel of CIN cell lines was analysed by fixed-cell imaging and scored for both lagging chromosomes (markers for merotelic attachment) and centrosome number during mid-anaphase ( Fig. 2b, c) . The presence of extra centrosomes during bipolar anaphase correlated with a significant increase (threefold to tenfold) in the frequency of lagging chromosomes in every cell line examined, consistent with the idea that extra centrosomes increase the formation of merotelic attachments that can persist through anaphase (Fig. 2b, c) .
We next tested whether extra centrosomes alone are sufficient to promote chromosome missegregation during bipolar cell division. A significant technical challenge for studying the consequences of centrosome amplification has been the difficulty in obtaining genetically matched cells that do or do not contain extra centrosomes. We circumvented this problem in two ways. First, we generated tetraploid cells with extra centrosomes by using cytochalasin D to inhibit cytokinesis in chromosomally stable non-transformed telomeraseimmortalized human BJ and RPE-1 cell lines. Because nontransformed cells are prone to cell-cycle arrest after tetraploidization, we transiently knocked down p53 (also known as TP53) by small interfering RNA (siRNA) to facilitate passage of tetraploids through mitosis. Like cancer cells, tetraploid cells clustered their extra centrosomes into two poles during the subsequent mitosis and displayed a significantly increased frequency of anaphase lagging chromosomes during bipolar anaphase relative to matched diploids that were also exposed to cytochalasin and depleted of p53 ( Fig. 3a, c) .
Interestingly, both tetraploid BJ and RPE-1 cells spontaneously lost their extra centrosomes after passage in culture ( Fig. 3a not shown). We therefore used sequential fluorescence-activated cell sorting (FACS) to isolate pure populations of tetraploid cells with a normal complement of centrosomes. Fluorescence in situ hybridization (FISH) and karyotyping demonstrated that these cells contained a tetraploid complement of chromosomes ( Fig. 3b and Supplementary Fig. 5 ). Consequently, this procedure generated pure populations of tetraploids with only two centrosomes during mitosis and allowed us to compare the rate of lagging chromosomes in tetraploid cells possessing two or more than two centrosomes. Strikingly, the loss of extra centrosomes was accompanied by a decrease in the fraction of cells with lagging chromosomes to a level observed in diploid cells (Fig. 3a, c) . These findings strongly indicate that the increased rate of lagging chromosomes in newly generated tetraploid cells is due to extra centrosomes rather than a duplicated genome.
To determine whether the observed increases in lagging chromosomes in cells containing extra centrosomes leads to chromosome missegregation, we used anaphase/telophase FISH to measure the rate of chromosome missegregation in BJ fibroblasts and RPE-1 cells ( Fig. 3b, d ). To ensure that cells with extra centrosomes passed through a bipolar mitosis, FISH signals were only scored in anaphase or telophase cells in which the daughters each possessed a single nucleus. The missegregation rates per chromosome in diploid, newly generated tetraploid and late-passage tetraploid cells closely mirrored the results obtained by scoring lagging chromosomes as tetraploids with more than two centrosomes showed missegregation rates of approximately sixfold to eightfold higher than diploids or tetraploids with two centrosomes (Fig. 3d ). These rates correspond to one chromosome missegregation for approximately every 6 divisions in tetraploid BJ fibroblasts with more than two centrosomes, compared to one chromosome missegregation for every ,50 divisions in tetraploids with two centrosomes. Thus, extra centrosomes promote chromosome missegregation even after cells cluster centrosomes to assemble bipolar spindles.
Although the above data indicate that most missegregation events can be explained by merotelic attachments and lagging chromosomes, some missegregation events in cells with extra centrosomes may, at low frequency, arise by other mechanisms. For example, we occasionally observed single chromosomes bi-orienting between two inefficiently clustered centrosomes even after all other chromosomes had aligned at the metaphase plate (see Fig. 3a , top row, middle panel). Presumably, these bi-oriented polar chromosomes could be under tension, satisfy the spindle assembly checkpoint, and thus segregate both sisters to a single daughter upon entry into anaphase 4 . Indeed, in tetraploid RPE-1 cells, we did identify a single such example by live-cell imaging ( Supplementary Fig. 6 and Supplementary Movie 3). However, this mechanism does not occur frequently enough to contribute significantly to chromosome missegregation in the extracentrosomal cells we examined: we did not observe a single such bioriented chromosome during anaphase in any of our fixed-cell samples, and only a very minor fraction of the ,8,000 CIN cell divisions we imaged by H2B-GFP showed chromosomes at the poles during anaphase onset, consistent with previous imaging analyses 13, 26 . Finally, we designed an experiment in which, in otherwise genetically identical cells, we could directly test the hypothesis that transient multipolar spindle intermediates generate anaphase lagging chromosomes. We recognized that this could be accomplished by monitoring mitosis over two generations after induction of PLK4, a kinase that regulates centriole replication and the overexpression of which has previously been shown to cause centriole amplification 27 . To do this, we used an U2OS osteosarcoma cell line in which PLK4 expression is regulated by a doxycycline-inducible promoter 27 . After a 15 h induction of PLK4, cells contained two 'rosettes' of overduplicated centrioles, each comprised of a mother centriole surrounded by numerous daughter centrioles 27 (Fig. 4a) . Importantly, because the extra centrioles assembled before mitosis, they remained engaged and functioned as single units to enable bipolar spindle assembly without a multipolar spindle intermediate (Fig. 4a, b ). In these cells, despite centriole amplification, the frequency of lagging chromosomes was similar to that observed in control cells with two centrosomes (Fig. 4b) .
In contrast, in the second cell cycle after centriole overduplication, supernumerary centrioles disengaged before duplication 28 and multipolar intermediates were common in the mitosis that followed (Fig. 4a, b ). In these cells, a marked increase in the frequency of lagging chromosomes was observed after centrosome clustering and the onset of bipolar anaphase (Fig. 4b) . Thus, extra centrosomes force cells to pass through a multipolar spindle intermediate and thereby enhance the formation of merotelic attachments and lagging chromosomes.
We propose that extra centrosomes generate CIN primarily by promoting merotelic kinetochore-microtubule attachments. This is due to the unique spindle geometry that occurs when cells resolve transient multipolar intermediates into bipolar spindles, in a manner broadly similar to what occurs during spindle assembly after nocodazole or monastrol washout 20, 23 (Fig. 4c) . Moreover, syntelic attachments (both sister kinetochores attached to the same pole) are also expected to be enriched when chromosomes bi-orient between two centrosomes that eventually cluster (Fig. 4c) , and these syntelic attachments may promote further merotely (Supplementary Movie 4) 21, 23 . Many of these merotelic attachment errors are corrected before anaphase by mechanisms that involve the release or destabilization of inappropriately attached microtubules 20, 21, 29 ; this can be inferred by the marked decrease in the frequency and number of lagging chromosomes observed in cells that enter mitosis from a multipolar configuration rather than a bipolar configuration ( Supplementary Fig. 4c ) or by directly quantifying the number of Error bars represent the mean 6 s.e.m. from 5 independent experiments; P-value derived from paired two-tailed t-test. Scale bar, 10 mm. c, Extra centrosomes promote merotelic attachment (green microtubules) by altering spindle geometry. In addition, syntelic attachments (blue microtubules) also accumulate upon centrosome clustering and may promote further enhancement of merotely. Unresolved merotelic attachments can give rise to lagging chromosomes at anaphase. merotelic attachments before and after centrosome clustering ( Supplementary Fig. 8 ). However, the overall increase in the number of initial merotelic attachments during the multipolar spindle intermediate reduces the likelihood that all errors will be corrected before anaphase onset, thereby causing a net increase in the frequency of lagging chromosomes and chromosome missegregation errors 13 .
In summary, we have demonstrated that extra centrosomes are not simply innocent bystanders in CIN cells; instead, their presence directly promotes chromosome missegregation that may then facilitate the evolution of more malignant phenotypes. This finding clarifies the longstanding correlation between centrosome amplification and CIN, and provides one simple and unifying explanation for the observed high rates of merotely in CIN cancers. Previously, a variety of genetic mutations have been implicated as causes of CIN, but these defects appear to be relatively infrequent 30 . In contrast, extra centrosomes are prevalent among CIN cells, and we suggest that the mechanism described here is a common contributor to chromosomal instability in human cancer.
METHODS SUMMARY
All cell lines were maintained at 37 uC with 5% CO 2 atmosphere. Immunofluorescence microscopy was performed as previously described 17 . Fixed-cell images were collected by confocal immunofluorescence on a Yokogawa CSU-X1 spinning disk confocal mounted on a Nikon Ti-E inverted microscope (Nikon Instruments). Live-cell imaging was performed using a TE2000-E2 inverted Nikon microscope equipped with the Nikon Perfect Focus system enclosed within a temperature-and CO 2 -controlled environment that maintained an atmosphere of 37 uC and 3-5% humidified CO 2 . Sequential FACS sorting of tetraploids with 8c DNA content (indicative of tetraploids in the G2/M phase of the cell cycle) was used to generate tetraploid cells with two centrosomes. Detailed descriptions of FISH, karyotyping, imaging, cell lines, culture conditions and antibodies used in this study can be found in Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Cell culture. Cell lines were maintained at 37 uC with 5% CO 2 atmosphere in DMEM (U20S, hTERT-BJ, MCF-7, N1E-115, CFPAC-1), McCoy's (Caco2, HT-29, MDA-231), DMEM:F12 (hTERT-RPE1), MEM (UPCI:SCC114) or RPMI (BT549) containing 10% FBS, 100 IU ml 21 penicillin and 100 mg ml 21 streptomycin. Mouse p53 2/2 tetraploid cells from tumours (tMMECs) were grown in DMEM:F12 supplemented with 2% FBS, 2 mg ml 21 insulin, 25 mg ml 21 epidermal growth factor, 100 IU ml 21 penicillin, 100 mg ml 21 streptomycin and 0.25 mg ml 21 fungizone. The tetracycline-inducible U2OS cell line expressing MYC-PLK44 (a gift from E. Nigg) was grown in DMEM supplemented with 10% of tetracycline-free FBS, 100 IU ml 21 penicillin, 100 mg ml 21 streptomycin, 50 mg ml 21 hygromycin and 1 mg ml 21 G418. Myc-Plk4 expression was induced by addition of 1 mg ml 21 doxycyclin for 15 h.
To generate tetraploid cells with extra centrosomes, hTERT BJ and RPE-1 cells were transfected with 50 nmol p53 siRNA (SmartPool, Dharmacon) using Lipofectamine RNAi Max (Invitrogen). Approximately 6 h later, fresh medium containing 0.2 mm cytochlasin D was added for an additional 16 h. Cells were then washed six times for 5 min each to remove cytochalasin D and allowed to recover for ,6-24 h. Indirect immunofluorescence microscopy. All cells stained for centrioles were washed in PBS and then fixed in ice-cold methanol for 10 min. After fixation, cells were rehydrated in PBS for 5 min, extracted in PBS-0.5% Triton X-100 for 5 min, blocked in TBS-BSA (10 mM Tris, pH 7.5, 150 mM NaCl, 5% BSA, 0.1% Tween) for 30 min, and then incubated with primary antibodies in TBS-BSA for 30-60 min. Antibodies included mouse anti-tubulin (DM1a, 1:500; Sigma-Aldrich), human anti-centromere ACA (1:500; Antibodies, Inc.) and rabbit anti-centrin2 (1:200; Santa Cruz).
To visualize merotelic kinetochores, cells were permeabilized in Ca 21 buffer (100 mM PIPES, pH 6.8, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.5% Triton X-100) for 5-10 min at room temperature (20-23 uC) , followed by fixation in 1% glutaraldehyde in PBS for 10 min, and two 12-min washes in freshly prepared 0.5 mg ml 21 NaBH 4 . After a 60-min block in TBS-BSA, cells were incubated with primary antibodies in TBS-BSA for 2-4 h. Antibodies included rat antitubulin (YL 1/2, 1:1,000; Novus), rabbit anti-pericentrin (1:1,000; AbCam) and mouse anti-Hec1 (1:200, Novus). All primary antibodies were detected using species-specific fluorescent secondary antibodies (Molecular Probes) and DNA was detected with 0.2 mg ml 21 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Coverslips were mounted with ProLong Antifade mounting medium (Molecular Probes).
Confocal immunofluorescence images were collected at 405, 488, 561 and 640 nm with a Yokogawa CSU-X1 spinning disk confocal mounted on a Nikon Ti-E inverted microscope (Nikon Instruments). A series of 0.2-mm optical sections were acquired using a 3100 1.4 NA Plan Apo objective lens with an Orca ER CCD camera (Hamamatsu Photonics). Acquisition parameters, shutters, filter positions and focus were controlled by Andor iQ software. Images presented in figures are maximum intensity projections of entire z-stacks, except for high-magnification images of merotelic attachments, which are comprised of only enough z-layers to visualize entire kinetochores. Cells were classified as having more than two centrosomes if more than two distinct pairs of centrioles were observed during mitosis. Lagging chromosomes were scored as centromere-positive chromosomes that were completely separated from the two main masses of chromosomes during mid-anaphase (see Supplementary Fig. 7 ). Kinetochores were scored as being merotelically attached if they were clearly attached to two visible kinetochore fibres emanating from opposite poles. Long-term live-cell imaging. H2B-GFP was cloned into the pLenti6/V5 lentiviral vector (Invitrogen). Cells infected with lentivirus encoding H2B-GFP were FACS-sorted by GFP fluorescence. GFP-positive cells were grown on glassbottomed 12-well tissue culture dishes (Mattek) and imaged on a TE2000-E2 inverted Nikon microscope equipped with a cooled CCD camera (Orca ER, Hamamatsu) and the Nikon Perfect Focus system. The microscope was enclosed within a temperature-and CO 2 -controlled environment that maintained an atmosphere of 37 uC and 3-5% humidified CO 2 . GFP and/or differential interference contrast images were captured at multiple points every 10 min for 3-5 days with a 320 0.5 NA Plan Fluor objective. All captured images were analysed using NIS-Elements software. Short-term live-cell imaging. GFP-centrin RPE-1 cells (a gift from A. Khodjakov) were infected with retrovirus encoding monomeric red fluorescent protein (mRFP)-H2B and sorted by RFP fluorescence. For imaging, cells were grown on glass-bottomed 12-well tissue culture dishes (Mattek) overlayed with mineral oil and maintained at 37 uC. Confocal immunofluorescence images were collected at 488 and 561 nm with a Yokogawa CSU-X1 spinning disk confocal mounted on a Nikon Ti-E inverted microscope (Nikon Instruments). A series of 1 mm optical sections were acquired every 2 min using a 360 1.4 NA Plan Apo objective lens with an Orca ER CCD camera (Hamamatsu Photonics). Images presented in figures are maximum intensity projections of entire z-stacks. Generation of tetraploid cells with two centrosomes. Human hTERT RPE-1 and hTERT BJ cells were treated with 0.2 mm cytochalasin D for ,16 h, washed every 5 min for 30 min, and then FACS-sorted by DNA content using Hoechst at 1:2,500 (Molecular Probes). Cells with a DNA content of 8c were isolated and cultured for ,1 week before a second FACS sorting to re-isolate 8c cells. A significant portion (,50%) of tetraploid cells displayed two centrosomes after only two sorts, and these cells were used to measure lagging chromosomes. By sort four, nearly 100% of tetraploid cells had two centrosomes, and these were used for FISH analysis. We verified p53 function was intact in these late-passage tetraploid BJ and RPE-1 cells by western blotting for phospho-p53 (Ser 15) after 5 h treatment with 200 ng ml 21 doxorubicin. Chromosome spreads. Diploid and late-passage tetraploid cells were treated with colcemid (50 ng ml 21 ) for 4 h, trypsinized and resuspended in 0.56% KCl for 30 min at 37 uC. Cells were then fixed with 3:1 ice-cold methanol:acetic acid, pelleted, and then washed twice more with methanol:acetic acid before being dropped on a pre-cleaned glass side from a height of ,12 inches. Cells were allowed to dry on the slide and were then stained for 3 min with Giemsa stain in 13 Gurr's buffer (Gibco). After a wash in Gurr's buffer, coverslips were added to slides and sealed with Permount (Fisher). Images of spreads were taken with a 3100 objective on a Zeiss upright microscope and chromosomes were counted using PhotoShop. FISH. Diploid and late-passage hTERT BJ and RPE-1 cells were transfected with 50 nmol p53 siRNA (SmartPool, Dharmacon) using Lipofectamine RNAi Max (Invitrogen). Approximately 6 h later, fresh medium containing 0.2 mm cytochlasin D was added for an additional 16 h. Cells were then washed six times for 5 min each to remove cytochalasin D and allowed to recover for ,6-10 h. Mitotic shake-off was then used to isolate dividing cells at a low density on fresh coverslips. Once cells were reattached, 0.56% KCl was added to the coverslips for 30 min followed by fixation in 3:1 methanol acetic acid. After two additional methanol:acetic acid washes, coverslips were dried completely and aged for two days. Coverslips were then washed in 23 SSC plus 0.5% NP-40 for 30 min at 37 uC and then dehydrated by sequential 2-min washes in 70%, 85% and 100% ethanol. Fluorescently labelled centromeric FISH probes specific for chromosomes 6, 8, 7 or 11 (Cytocell) were diluted 1:10 into hybridization buffer (Cytocell) and added to coverlips. Coverlips were affixed to a pre-cleaned slide with rubber cement and then placed in a hybridization oven at 75 uC for 5 min, followed by an overnight incubation at 37 uC in a humidified chamber. The next day, cells were washed in 13 PBD (0.1 M NaH 2 PO 4 , 0.1 M Na 2 HPO 4 , 0.1% NP-40) for 2 min to remove the rubber cement followed by a wash in 13 wash buffer (0.53 SSC plus 0.1% SDS) for 5 min at 65 uC. Coverslips were then incubated with 13 PBD plus 0.2 mg ml 21 DAPI for 20 min before being sealed on a slide with mounting medium. FISH signals were only counted in daughter cells that possessed a single nucleus, eliminating the possibility that the cells had undergone a multipolar mitosis followed by cytokinesis failure. FISH signals in micronuclei were ignored because it could not be definitively determined which of the two daughter cells the micronuclei were within. Thus, our rates of chromosome missegregation in tetraploid cells with extra centrosomes are likely to be underestimates. The reported rates of chromosome missegregation are a sum of each of the four individual probes we used (6, 8, 7, 11) .
